Hyper-luminous X-ray sources (HLXs; L X > 10 41 erg s −1 ) are off-nuclear X-ray sources in galaxies and strong candidates for intermediate-mass black holes (IMBHs). We have constructed a sample of 169 HLX candidates by combining X-ray detections from the Chandra Source Catalog (Version 2) with galaxies from the Sloan Digital Sky Survey and registering individual images for improved relative astrometric accuracy. The spatial resolution of Chandra allows for the sample to extend out to z ∼ 0.9. Optical counterparts are detected among one-fourth of the sample, one-third of which are consistent with dwarf galaxy stellar masses. The average intrinsic X-ray spectral slope indicates efficient accretion, potentially driven by galaxy mergers, and the column densities suggest one-third of the sample has significant X-ray absorption. We find that 144 of the HLX candidates have X-ray emission that is significantly in excess of the expected contribution from star formation and hot gas, strongly suggesting that they are produced by accretion onto black holes more massive than stars. After correcting for an average background or foreground contamination rate of 8%, we estimate that at least ∼20 of the HLX candidates are consistent with IMBH masses, and this estimate is potentially several times higher assuming more efficient accretion. This catalog currently represents the largest sample of uniformly-selected, off-nuclear IMBH candidates. These sources may represent scenarios in which a low-mass galaxy hosting an IMBH has merged with a more massive galaxy and provide an excellent sample for testing models of low-mass BH formation and merger-driven growth.
1. INTRODUCTION A subset of galaxies host ultra-luminous X-ray sources (ULXs), which are defined as off-nuclear X-ray sources with luminosities L X > 10 39 erg s −1 . ULXs are an intriguing class of objects as they represent potential challenges to our understanding of black hole (BH) accretion and formation (see Kaaret et al. 2017 , and references therein). In particular, the intrinsically luminous nature of ULXs exceeds the theoretical limit for radiative energy production in the accretion disks of stellarmass BHs (Remillard & McClintock 2006) . Environmental studies of ULXs reveal that they show a preference for star-forming regions (Madau et al. 1998; Ghosh & White 2001; Swartz et al. 2009 ) and possibly indicate they may be powered by either sub-Eddington accretion (Colbert & Mushotzky 1999) onto BHs more massive than typical stellar remnants (> 10 M ) or super-Eddington accretion onto stellar-mass BHs (Begelman 2002 ) and neutron stars (Bachetti et al. 2014; Israel et al. 2016) in X-ray binaries (XRBs).
The X-ray luminosity function of ULXs in star-forming galaxies features a break at luminosities of L X > 1 − 2 × 10 40 erg s −1 that suggests the more luminous offnuclear X-ray sources may be a different sub-population (Swartz et al. 2011) . Sources above this break are observationally much rarer, and the term hyper-luminous X-ray source (HLX) is attributed to those ULXs with luminosities L X > 10 41 erg s −1 (Gao et al. 2003) . These luminosities can only be produced by stellar-mass compact objects in certain short-lived conditions of efficient accretion that are unlikely to be observed (see Miller & Colbert 2004 , and references therein). However, HLX luminosities can realistically be produced by accretion onto more massive BHs. Indeed, the X-ray spectra of bright ULXs and HLXs provide some evidence for relatively low blackbody temperatures that correspond to BH masses of M • > 100 M (Miller et al. 2003; Davis et al. 2011) .
Interestingly, the corresponding stellar counterparts of HLXs are typically faint and suggest small masses that are not consistent with the typical stellar bulges of galaxies where supermassive BHs reside (Matsumoto et al. 2001; Farrell et al. 2009; Mezcua et al. 2015; Comerford et al. 2015) . Therefore, HLXs may be associated with intermediate-mass BHs (IMBHs) with masses of M • = 10 2 − 10 6 M (King & Dehnen 2005). Identifying IMBHs is of significant cosmological interest as they represent primordial seed masses that can theoretically grow to supermassive BH (SMBH) masses in reasonable timescales (Volonteri & Natarajan 2009; Volonteri 2010; Mezcua 2017) . The mass of an IMBH may depend strongly on its origin (for reviews see Volonteri & Bellovary 2012; Woods et al. 2018) , with the most likely scenarios being the direct collapse of pre-galactic gas disks (M • = 10 4 − 10 5 M ; Lodato & Natarajan 2006), the end-stage of massive Population III stars (M • = 10 2 − 10 3 M ; Volonteri 2010) or through the collapse of dense stellar clusters (M • = 10 2 −10 4 M ; Zwart & McMillan 2002) . These scenarios predict that IMBHs should exist in the nuclei of low-mass galaxies formed in the early Universe (Volonteri & Natarajan 2009; van Wassenhove et al. 2010; Greene 2012) .
After their formation, IMBHs could then grow through accretion to produce today's observed SMBH population, though the mechanisms that drove this accretion are poorly constrained (for reviews see Volonteri 2010; Mezcua 2017) . IMBHs that have not yet evolved to SMBH masses represent our best opportunity to observe how they grow. Much work has focused on identifying IMBHs as active galactic nuclei (AGN) in low-mass galaxies (Greene & Ho 2007; Reines et al. 2013; Lemons et al. 2015; Baldassare et al. 2016; Mezcua et al. 2016; Chilingarian et al. 2018; Mezcua et al. 2018a ). These samples can provide important constraints on the dominant formation mechanisms of IMBHs and their subsequent growth. For example, theoretical models predict that, at low galaxy bulge masses (M Bulge < 10 9.5 M ), merger-driven BH growth is inefficient due to significant supernova and stellar feedback in the nucleus (Anglés-Alcázar et al. 2017 ). This picture is supported by , who find that lowmass galaxies are dominated by supernova feedback, and by Mezcua et al. (2018a) , who find a low fraction of active IMBHs in dwarf galaxies out to high redshift. This observation could be explained by inefficient BH accretion in low-mass galaxies (Pacucci et al. 2018 ) and suggests that IMBHs may only settle onto the typical M • − M Bulge relation once their host galaxy bulge masses become sufficiently massive through merger-driven growth (Pacucci et al. 2018 ). Indeed, mergers may be important phases in the lifetimes of IMBHs and play a significant role in their growth histories starting from primordial seed masses (Mezcua 2019) . This evolutionary route may be occurring among HLXs since they potentially represent IMBH growth within a dwarf galaxy that is triggered by an encounter with a more massive galaxy (Mapelli et al. 2012) . The merger-induced torques will remove angular momentum from the gas and dust to trigger accretion onto the IMBH so that it appears as a bright, off-nuclear X-ray source (Springel & Hernquist 2005; Oser et al. 2012) . Perhaps the best-studied off-nuclear IMBH candidate is HLX-1 (Farrell et al. 2009 ) and evidence suggests it is consistent with a minor merger (Mapelli et al. 2012; Webb et al. 2017) . Several other nearby ULXs/HLXs present varied evidence for association with IMBHs (Matsumoto et al. 2001; Jonker et al. 2010; Mezcua et al. 2013a Mezcua et al. ,b, 2015 Kim et al. 2015; Mezcua et al. 2018b ) though their origins are often unclear.
Several groups have performed systematic archival searches for ULXs/HLXs as off-nuclear X-ray sources within galaxy light profiles. Some of the earliest works utilized ROSAT (Liu & Mirabel 2005; Liu & Bregman 2005) while most catalogs have relied primarily on the XMM-Newton (Walton et al. 2011; Zolotukhin et al. 2016; Earnshaw et al. 2018) or Chandra (Swartz et al. 2004; Gong et al. 2016 ) X-ray observatories. These catalogs have focused on nearby galaxies primarily from the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al. 1991) . Each of these works include a significant focus on the identification and attempted removal of potential sources of contamination (i.e foreground stars or background AGN). Indeed, follow-up spectroscopy has revealed numerous examples in which ULXs/HLXs are instead higher redshift AGN (Dadina et al. 2013; Sutton et al. 2015) .
Since minor mergers are common in the Universe (Lotz et al. 2011) , significant numbers of IMBHs may be in offnuclear regions of more massive galaxies such as HLX-1 (Soria et al. 2013) . Therefore, measuring the fraction of HLXs in mergers can help to constrain their possible formation mechanisms. Moreover, understanding how HLX properties and environments evolve with redshift is necessary for constraints on the conditions of triggering IMBH growth. However, the off-nuclear X-ray sources in previous catalogs are all at redshifts of z 0.06 and hence can not be used to study the redshift evolution of their host galaxies or merger histories. Furthermore, previous systematic catalogs of off-nuclear X-ray sources contain few sources with luminosities exceeding 10 41 erg s −1 . While Zolotukhin et al. (2016) discovered nearly 100 HLX candidates above this luminosity threshold, the large angular sizes of their host galaxies result in a ∼ 70% frequency of contamination from background or foreground sources.
In this paper we describe a new HLX catalog that complements previous catalogs by significantly increasing the number of known HLX candidates. The genesis of this project was motivated by a procedure we developed for identifying candidate spatially offset AGN based on Chandra X-ray signatures that are displaced from the nuclei of Sloan Digital Sky Survey (SDSS) galaxies (Barrows et al. 2016) . The premise of that project relied on the registration of individual pairs of Chandra-SDSS images and the subsequent relative astrometric uncertainties. Here we apply that same procedure to the search for HLX and IMBH candidates. Hence, one of the chief advantages provided by the catalog we present in this work is the use of Chandra combined with the individual registration and astrometry for each pair of images, thus allowing for off-nuclear X-ray sources to be identified down to small angular offsets. Consequently, the host galaxy redshifts in the catalog presented here extend to z ∼0.9, thereby significantly augmenting the redshift range of previous HLX samples and increasing the number of HLX candidates by a factor of more than three. This paper is structured as follows: in Section 2 we describe the selection of HLX candidates; in Section 3 we analyze the sample and present our results concerning the nature of the X-ray sources, and in Section 4 we present our conclusions. Throughout we use the cosmological parameters from the Nine-year Wilkinson Microwave Anisotropy Probe Observations (Hinshaw et al. 2013 ): H 0 = 69.3 km s −1 Mpc −1 , Ω M = 0.287, and Ω Λ = 0.713.
BUILDING THE SAMPLE
In this section we describe the process for building our sample of HLX candidates: spatially cross-matching galaxies and X-ray sources (Section 2.1), estimating astrometric uncertainties and selection of spatially offset Xray sources within galaxy profiles (Section 2.2), filtering out bad photometry and contaminating or extended Xray sources (Section 2.3), and selection of X-ray sources with luminosities indicating accretion onto massive BHs (Section 2.4).
Spatial Match of Galaxies and X-Ray Sources
In this section we describe the samples and procedure used for cross-matching galaxies and X-ray sources. The galaxy selection is discussed in Section 2.1.1, and the spatial match to X-ray sources is discussed in Section 2.1.2.
Galaxy Selection
Our initial galaxy sample is drawn from the catalog of SDSS detections that are classified as galaxies 1 and with photometric redshifts 2 (z phot ) derived by the SDSS pipeline. The z phot estimates and associated uncertainties for each galaxy are based on matches in multidimensional color space (u−g, g−r, r −i, and i −z ) to a training set with spectroscopic redshifts (Cunha et al. 2009 ). The accuracy of z phot estimates can vary significantly among the overall SDSS galaxy sample, though the mean z phot error in our final sample (Section 2.4.2) is < E z,phot > = 0.078 with a standard deviation of ∆E z,phot = 0.047. We use the galaxy photometric redshift catalog from Data Release 7 (DR7; Abazajian et al. 2009 ) but also include any additional galaxies detected in subsequent data releases through DR14 (Abolfathi et al. 2018) .
If a spectroscopic redshift (z spec ) from the SDSS is available, then we adopt it as the final redshift value (z). Otherwise, we search for any available spectroscopic redshifts of the galaxies from external sources by querying the NASA Extragalactic Database (NED). We consider a NED source to be associated with the galaxy if its world coordinates (RA and DEC) place it within 2. 5 (radius determined from a visual examination of NED matches to a subset of our sample) of the galaxy centroid. If multiple NED sources with redshifts are found within this search region then we adopt the redshift of the closest NED source. Furthermore, if a NED source has multiple published redshifts then we adopt the redshift with the smallest uncertainty. If a spectroscopic redshift from NED is found using the above search criteria, then it is adopted as the final z value. For reference, we find that the mean absolute magnitude of z phot − z spec among our final sample is 0.048 and similar to the z phot errors quoted above.
If no spectroscopic redshift is available, then the z phot value is used for the final z value. We do not impose a maximum redshift limit on the galaxy selection since one of our ultimate aims with this sample is to address redshift evolution of the HLX population. However, we acknowledge that the sample will therefore likely be affected by a luminosity bias (see Section 3.6 for further discussion of this effect). The distribution of z values for the final sample of HLX candidates (Section 2.4.2) is shown in Figure 1 and extends out to z = 0.87.
Match to X-Ray Sources
The Chandra X-ray observatory is ideal for identifying off-nuclear X-ray sources since it has the best spatial resolution of current X-ray telescopes. To obtain the most comprehensive list of robust source detections from Chandra, we use the Chandra Source Catalog (Evans et al. 2010) Version 2 (CSCv2) 3 Master Source Catalog as our parent sample of X-ray sources. Before matching X-ray detections to the SDSS galaxy sample, we require 1 https://www.sdss.org/dr14/algorithms/classify/#photo_class 2 https://www.sdss.org/dr14/algorithms/photo-z/ 3 http://cxc.harvard.edu/csc2 that all X-ray sources are detected at >3σ significance to remove spurious detections. Furthermore, since HLXs are expected to be point sources (i.e. associated with accretion onto BHs), we also implement a strict cut that rejects sources with 1σ major axis spatial extents (from the CSCv2 Master Source Catalog) greater than 1 , corresponding to ∼ 2 times the Full Width at Half Maximum (FWHM) of on-axis Chandra/ACIS spatial resolution. A specific rejection of spatially resolved X-ray sources is also implemented and described in Section 2.3.3.
Matches between the SDSS galaxy sample and the CSCv2 are based on their world coordinates. The RA and DEC of the SDSS galaxies represent the galaxy rband photometric centroids since those are the images in which the galaxy positions are measured and that have the highest sensitivity (York et al. 2000) . The RA and DEC of each master CSCv2 source is based on the solution from wavdetect and the point spread function (PSF) from the co-added observations. To create a list of X-ray sources that are within the light profile of a galaxy, we require that each CSCv2 source centroid is within two Petrosian radii (r P ; measured by the SDSS pipeline) of an SDSS galaxy centroid. An aperture of 2 × r P includes most of a galaxy's flux (Graham et al. 2005) , and SDSS photometry indicates that it provides the optimal combination of maximizing the integrated galaxy flux while minimizing sky noise 4 . While adopting a smaller offset threshold will reduce the probability of the X-ray source being an unrelated chance projection, doing so will also exclude many truly related sources (the probability of chance projections is discussed in Section 3.1). Note that multiple X-ray sources may satisfy this criterion for a single galaxy.
Finally, while all objects in the SDSS photometric catalog are detected at > 5σ significance, to further miti- Note.
-Column 1: unique identifier for the galaxy−HLX candidate pair; Column 2: host galaxy redshift; Column 3: name of the host galaxy; Column 4: name of the HLX candidate; Column 5: average number of matches between the SDSS r -band image and all Chandra OBSID(s) in which the HLX candidate is detected; Columns 6 − 7: HLX candidate angular and projected physical offset from the host galaxy center; and Column 8: position angle (East of North) of the HLX candidate offset. (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
gate uncertainties on association with the candidate host galaxy we also filter out galaxies with Petrosian r -band magnitudes > 22.5. This threshold is chosen because we find that the Petrosian radius errors are relatively stable for r < 22.5 (standard deviation of 0.4) but can increase significantly for fainter magnitudes (standard deviation of 1.0). This step results in 3,515 distinct pairs of SDSS galaxies and CSCv2 X-ray sources.
Spatially Offset X-Ray Sources
In this section we describe the procedure used to identify X-ray sources that are spatially offset from the centers of galaxies from the spatial cross-match (Section 2.1.2). We first register the individual images containing the X-ray sources and the galaxies to obtain the relative astrometric corrections and uncertainties (Section 2.2.1). Then we find those with statistically significant spatial offsets (Section 2.2.2).
Registration and Astrometry
We use the SDSS r -band images in the registration procedure since they are the images in which the galaxy positions (used for cross-matching in Section 2.1.2) are measured. Full details of the astrometry and registration procedure are described in Barrows et al. (2016) , though here we reiterate the basic steps.
We detect sources in the SDSS r -band images using Source Extractor (Bertin & Arnouts 1996) and a detection threshold of 3σ. We detect sources in the Chandra images using wavdetect with a detection probability threshold of 10 −8 that corresponds to less than one false detection per 5 search region. We then apply several filters to each pair of source lists to optimize accuracy of the relative astrometric solutions. First, we filter out unreliable detections from both source lists. From the Source Extractor output, unreliable detections are defined as flagged sources. From the wavdetect output, unreliable detections are defined as follows: detections with a significance < 3σ (potentially spurious) and detections that are more than 5 from the detector aimpoint (the PSF becomes large and asymmetric beyond this radius; Gaetz & Jerius 2004 ). We then filter out extended sources in both lists. From the Source Extractor output, extended sources are defined as having a FWHM that is larger than 2 times the typical SDSS image resolution FWHM (1. 6; York et al. 2000) and with a major-to-minor axis ratio > 2. From the wavdetect output, extended sources are defined as those having a source extent-to-PSF size ratio (generated by wavdetect) greater than 1. Finally, the host galaxy and candidate off-nuclear X-ray source(s) are excluded from the lists of matched pairs to produce astrometric solutions that are independent of the spatial offsets being tested.
Matched pairs of sources between the Source Extractor and wavdetect lists are identified within a 1 threshold radius. This threshold corresponds to slightly more than the 90% absolute astrometry of Chandra and our results do not change when a larger (up to 2 ) threshold radius is used. Linear transformations along the Cartesian X and Y axes of the SDSS image coordinates are computed as the mean offset between the final matched lists after iteratively rejecting matched pairs that are outliers by more than 1.5σ. The relative astrometric uncertainties are computed from the errors on the source centroids in the final matched list. If no matches are found between a pair of images, then the linear transformations are set to 0, and the astrometric uncertainties are set to the quadrature sum of the absolute astrometric errors from the SDSS (0. 035) and Chandra (0. 8).
The uncertainty of the X-ray source position relative to the galaxy centroid is then the quadrature sum of the relative astrometric uncertainties, the CSCv2 master source centroid uncertainty, and the galaxy centroid uncertainty. These uncertainties correspond to 1σ confidence intervals and are computed separately for both the RA and DEC dimensions.
Selection of Spatially Offset X-Ray Sources
Since each CSCv2 Master Source may be based on detections from multiple individual observations (OBSIDs)
5 , for each galaxy-X-ray source pair we register the SDSS r -band image with each Chandra OBSID in which the CSCv2 source is detected. The final transformations between an SDSS galaxy and CSCv2 source are then the error-weighted averages of the astrometric corrections between each of the individual image pairs. The uncertainties on those transformations are the standard error of the weighted mean.
We consider spatially offset X-ray sources to be those that are offset from the host galaxy center by ≥ 5 times the uncertainty of the X-ray source position relative to the galaxy centroid (i.e. the final uncertainty computed in Section 2.2.1). This step results in 650 spatially offset X-ray sources. The redshifts, host galaxy names, HLX candidate names, and astrometric properties are listed in Table 1 . The distributions of the angular offsets (∆Θ) and projected physical offsets (∆S; computed using the host galaxy redshifts and the cosmology stated in Section 1) between the X-ray sources and galaxy centroids for the final HLX candidate sample (Section 2.4.2) are shown in Figure 2 . The mean value of ∆Θ is 3. 9 (approximately one Petrosian radius), reflecting the average offset error of 0. 6 and the 5σ offset criterion, and the mean value of ∆S is 16.5 kpc.
Additional Filters
In this section we apply additional filters meant to remove erroneous spatially offset X-ray sources. First, we remove all host galaxies for which the photometry may be inaccurate (Section 2.3.1). We then cross-match the Xray sources with catalogs of previously classified sources to identify known contaminants, i.e. spatially offset Xray sources that are spectroscopically confirmed to not be HLXs (Section 2.3.2). Finally, we remove any X-ray sources that are spatially resolved (Section 2.3.3).
Bad Photometry
We remove all detections which the SDSS pipeline flagged as saturated since the nuclear positions may be compromised (42 sources). A visual inspection also reveals that, while all of the SDSS photometric detections in the galaxy catalog are associated with a galaxy, they are not always coincident with the galaxy's nucleus. These cases are identified by eye and removed (298 sources). Categorically, they can be grouped into the following classes:
1. The detection is an off-nuclear knot of star formation.
2. The detection is in a galaxy with no clearly defined nucleus (irregular galaxies and galaxy mergers).
3. The detection is in a galaxy with obvious dust lanes that may affect the detection of the r -band nucleus. These galaxies are typically nearby and with angular sizes sufficient to resolve dust lanes.
4. The detection photometry may be contaminated by bright neighboring sources. These galaxies are typically blended with foreground galaxies, are within clusters or brightest cluster galaxies, or are contaminated by diffraction spikes.
Removing the above sources with bad photometry results in 310 spatially offset X-ray sources.
Known Contaminants
We cross-match each off-nuclear X-ray source with NED to identify any that might be associated with known sources that have spectroscopic redshifts marking them as background or foreground sources. The crossmatch radius we use is 3 times the quadrature sum of the RA and DEC errors in the X-ray source offset from the host galaxy nucleus. For a redshift to be uniquely associated with the spatially offset X-ray source, the spectroscopic observation must not overlap with the cross-match radius used to assign host galaxy redshifts (2. 5 from the host galaxy centroid; Section 2.1.1). This step identifies 15 spatially offset X-ray sources that have unique redshifts, and they are all larger than the host galaxy 57.4
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redshift by > 700, 000 km s −1 . Therefore, they are considered to be background sources and removed.
We also search the results of the NED cross-match for host galaxies associated with astrophysical phenomena that could mimic the offset signatures for which we select. First, we search NED for HLX candidates near known extended radio jets containing X-ray hotspots that are offset from the galaxy nucleus. We also cross-match the X-ray source positions with the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) survey detection catalog 6 to search for any matches that display extended radio morphologies.
Since we are looking for jets, we consider a relatively large (10 ) cross-match radius. We find that 3 of the offset X-ray sources are coincident with extended radio detections from FIRST (they are also known radio jet sources with central AGN). Visual inspection reveals that the X-ray sources are likely hotspots in the radio jets. Since these X-ray sources are associated with extended radio jets, we remove them from the list of spatially offset X-ray sources. Second, we search for HLX candidates near known gravitational lenses that can make an X-ray AGN appear offset from the galaxy nucleus. This search identifies 1 gravitationally lensed X-ray source, which is a broad emission line quasi-stellar object (QSO) where the spatially offset Xray source is coincident with one of the lensed components. This QSO has been removed from the catalog because the X-ray source is not truly offset from the galaxy center. Removing the above known contaminants (background sources, jet hotspots, and lenses) results in 291 spatially offset X-ray sources.
Spatially Resolved X-ray Sources
As stated in Section 2.1.2, our focus is on X-ray point sources. Therefore, in addition to the removal of sources 6 http://sundog.stsci.edu/ with 1σ major axis extents > 1 (Section 2.1.2), we also omit sources with 1σ major axis extents greater than the PSF 1σ radius at the source position 7 . This restriction ensures that no X-ray sources are spatially resolved. For each source, we determine the PSF sizes from PSF maps generated by merge_obs. The OBSIDs combined within merge_obs are those within the 'best' Bayesian block of observations, where each block is determined by identifying the set of observations considered to have a constant photon flux (Scargle et al. 2013 ). The block with the largest combined exposure time is the 'best' block 8 from which source properties in the CSCv2 Master Catalog are generated. This step results in 261 spatially offset X-ray sources. The 1σ PSF sizes are listed in Table 2 .
Selecting HLX Candidates
In this section we describe our procedure for selecting spatially offset X-ray sources that are consistent with accretion onto massive BHs (M • > 10 2 M ). This procedure involves measuring the intrinsic X-ray fluxes (Section 2.4.1) and then computing the intrinsic luminosities to select those above a target threshold (Section 2.4.2).
X-Ray Spectral Modeling
If the spatially offset X-ray sources are legitimately associated with the host galaxies identified from the cross-match (Section 2.1.2), then their redshifts can be assumed the same as the host galaxy. Therefore, we use Sherpa, the modeling and fitting package within the Chandra Interactive Analysis of Observations (CIAO) software, to extract and fit to each of the X-ray sources a spectral model that includes rest-frame components so that we can measure intrinsic luminosities (for the final HLX candidate selection) and additional physical properties (for subsequent analysis of the X-ray source nature). The extraction regions for the source and background are purposefully made to be identical to those used in the measurements from the CSCv2. Specifically, the source region is the 90% PSF enclosed energy flux ellipse, and the background region is an annulus with inner radius directly surrounding the source. The intrinsic source flux is represented by a power-law component (F ∼ E −Γ , where E is the rest-frame energy and Γ is the photon index). The flux is attenuated by photoelectric absorption from a column of neutral hydrogen that is set to the host galaxy redshift (n H,exgal ). The models also include a non-redshifted column of neutral hydrogen that is fixed to the Galactic value at each source's Galactic coordinates (estimated from the colden function within CIAO).
The components Γ, n H,exgal , and the power-law normalization are allowed to vary freely during the fits. To maximize the signal-to-noise ratio and significance of the parameter estimates, we apply the same model simultaneously 9 to extracted spectra from each of the OBSIDs in the 'best' Bayesian block (Section 2.3.3) since they are consistent with a constant photon flux. Within CIAO, the Γ and n H,exgal errors are computed numerically using get_draws, and the absorbed and unabsorbed fluxes are computed numerically using sample_flux. All errors are based on 1,000 samples. In some fits the sample distribution does not converge on a value for n H,exgal , and in these cases we set n H,exgal = 0 and re-run the fit. . The fluxes are computed over the observed energy range of 0.5 − 7 keV, and K-corrections (calculated using the CIAO function calc_kcorr) are applied to determine the rest-frame fluxes over the soft (0.5 − 2 keV), hard (2 − 10 keV), and full (0.5 − 10 keV) energy ranges.
Final Sample of HLX Candidates
The rest-frame X-ray fluxes are converted to luminosities using the host galaxy redshifts and the cosmology stated in Section 1. Errors in the redshifts and in the flux measurements are propagated into the luminosity calculations. We note that the X-ray spectral models in this project will be a useful bi-product of our study as they provide intrinsic X-ray source properties for each of these CSCv2 sources (assuming they are not chance projections; see Section 3.1 for a further discussion).
To select sources classified as HLXs, we restrict the rest frame, unabsorbed, hard X-ray luminosities (L 2−10keV,unabs ) to be L 2−10keV,unabs ≥ 10 41 erg s −1 . The X-ray sources that pass this criterion represent the sample of 169 HLX candidates. The X-ray luminosities, spectral photon indices, and extragalactic column densities are listed in Table 2 . The distribution of L 2−10keV,unabs is shown in Figure 3 . The median value of L 2−10keV,unabs = 4.6 × 10 42 erg s −1 is typical for SMBHs but is also consistent with some IMBHs observed in dwarf 9 http://cxc.harvard.edu/sherpa/threads/sourceandbg/ galaxies (Chilingarian et al. 2018; Mezcua et al. 2018a) and in off-nuclear regions of galaxies (Farrell et al. 2009 ).
ANALYSIS AND RESULTS
In this section we analyze our sample of HLX candidates to put constraints on their physical origin. In Section 3.1 we estimate the fraction of unknown contaminants, in Section 3.2 we compute values or upper limits on the stellar counterpart fluxes and masses, in Section 3.3 we analyze the X-ray properties, in Section 3.4 we analyze the multi-wavelength properties for AGN signatures, in Section 3.5 we estimate BH masses and identify potential IMBH candidates, and in Section 3.6 we compare our sample with previous catalogs.
Unknown Contaminants
The HLX candidates in our sample do not have known redshifts, and some of them may be contaminants (background or foreground sources not physically interacting with the host galaxy). In this section we use X-ray source surface densities to estimate the number of unknown Xray contaminants for each host galaxy. Our approach closely follows that of Walton et al. (2011) and Zolotukhin et al. (2016) , which utilizes the cumulative flux distribution of hard X-ray sources (Moretti et al. 2003) to compute the number of X-ray sources per solid angle above a given limiting sensitivity. For each galaxy, the limiting sensitivity is computed individually and is set to the smallest of the following two quantities: the CSCv2 limiting flux of our sample (faintest X-ray source in the original matched sample: 10 −16 erg s −1 cm −2 ) and the minimum flux to detect an X-ray source with L 2−10keV,unabs > 10 41 erg s −1 at the host galaxy redshift. For each galaxy, we then use the surface density to compute the expected number of X-ray sources within a solid angle defined by the angular offset between the . The values of fcont are determined from the X-ray cumulative flux distribution (Section 3.1). The ordinates reflect average values in evenly-spaced bins along the abscissa, and the error bars represent the two-dimensional scatter in each bin. The squares represent estimates using our original method, and the circles represent estimates using the modification from López- Corredoira & Gutiérrez (2006) . Note that fcont has a stronger (positive) dependence on ∆Θ than on z.
HLX candidate and galaxy centroid. Finally, normalizing by the number of observed HLX candidates for each galaxy yields the contamination fraction. As in Zolotukhin et al. (2016), we also use the correction value of 0.7 to account for the ratio between the broad-band Chandra flux used in our X-ray source detections and the hard X-ray sources that determine the cumulative flux distribution from Moretti et al. (2003) .
Using this method, there are two observables that control the predicted number of random sources falling within a specified solid angle around a galaxy: the angular offset of the X-ray source, ∆Θ (used to compute the solid angle), and the galaxy redshift, z (used to compute the limiting sensitivity from the luminosity threshold of L 2−10keV,unabs > 10 41 erg s −1 ). Figure 4 shows that the contamination rates are positively dependent on both ∆Θ and z (reaching ∼ 20 − 40% for the highest angular offsets and redshifts). For comparison, we have also computed contamination rates following the approach in López- Corredoira & Gutiérrez (2006) . This method estimates the probability that all X-ray sources associated with a galaxy are contaminants from a Poisson distribution that is described by the maximum number of contaminating sources. This number is further modified by a term that accounts for true HLXs being brighter and closer to galaxy nuclei than randomly expected. Figure  4 shows that the estimates from these two methods are consistent to within the uncertainties over the full range of parameter space explored. The contamination rates are listed in Table 3 .
The two approaches indicate that the average contamination rate among the full sample is 7 − 8 %. This predicted frequency of background or foreground sources is smaller than average estimates from previous catalogs (∼ 20 − 30%; Walton et al. 2011; Zolotukhin et al. 2016; Gong et al. 2016) , and this difference is discussed in Section 3.6. Ultimately, spectroscopic redshifts of the HLX candidates are necessary to prove or disprove association with the host galaxy.
Optical Counterparts and Stellar Masses
In this section we measure or place upper limits on the magnitudes and stellar masses of optical counterparts that are spatially coincident with the HLX candidates. To detect optical counterparts, we use stacked images from Data Release 1 of the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) since they have a finer pixel scale (0.26 pix −1 ) compared to that of the SDSS (0.39 pix −1 ), and the sky coverage provides uniform imaging for all of our HLX candidates and host galaxies.
We do this analysis on the Pan-STARRS r -and iband images (filters with the highest overall responses; Chambers et al. 2016) to compute mass-to-light ratios and estimate stellar masses. After registering the Pan-STARRS r -and i -band Stack images with the Chandra images following the same procedure as described in Section 2.2.1, we search for detections associated with the HLX candidates by modeling the images with a combination of multiple Sersic profiles (intended to represent stellar bulges) and a uniform background component. The procedure is based on Barrows et al. (2017) , though here we summarize the basic steps: the model initially consists of two Sersic components, with one set to the primary galaxy position and the other set to the HLX candidate position (in the Pan-STARRS reference frame). Additional Sersic components are added to the model to fit other sources in the field that are detected by Source Extractor. The models are fit using the implementation of the Levenberg-Marquardt algorithm (Levenberg 1944; Marquardt 1963) within the modeling package in Astropy (Astropy Collaboration et al. 2013 Collaboration et al. , 2018 , and all parameters of each Sersic component and the background amplitude are allowed to vary freely. An HLX candidate is considered to have an optical counterpart within a given band if its model Sersic component position is within the 5σ error ellipse of the X-ray source position and has an amplitude that is ≥ 5σ above the average local background determined from an annulus directly surrounding the source (inner radius of two effective radii) and a width of two times the primary host galaxy effective radius.
To compute stellar masses (M ) of the optical detections associated with the primary galaxy and the HLX, we use the i -band mass-to-light ratio from Bell et al. (2003) that is based on the r − i color. The i -band luminosities were computed from the Sersic component i -band flux and the i -band K-correction generated from galaxy template fits through the SDSS pipeline. Stellar masses are only computed for optical counterparts detected in both the i -and r -bands. We find that 49 of the HLX candidates (28%) have stellar counterpart detections, 16 of which (32%) are consistent with being dwarf galaxies (M < 10 9.5 M ). The host galaxy stellar masses and the HLX stellar counterpart masses (if detected) are listed in Table 3 . For non-detections, the host galaxy stellar mass should represent a hard upper limit to the HLX stellar counterpart mass.
X-Ray Properties
In this section we analyze the HLX candidate X-ray properties to constrain their nature. Specifically, in Section 3.3.1 we describe the X-ray spectral parameters, in Section 3.3.2 we compare the X-ray fluxes to the optical counterparts, and in Section 3.3.3 we determine which HLX candidates have X-ray luminosities requiring the presence of an accreting massive BH (i.e. IMBH or SMBH).
Spectral Shape
The X-ray spectral shapes of the HLX candidates encode information about the emission and absorption processes near the X-ray source. The X-ray spectral hardness ratio -commonly defined as HR = (H −S)/(H +S), where H and S are the numbers of rest-frame hard and soft counts, respectively -is a commonly used parameter to describe the spectral shape of X-ray sources. We compute hardness ratios from the merged observations (see Section 2.3.3 for a description of merging OBSIDs) using the Bayesian Estimation of Hardness Ratios program (Park et al. 2006 ). Values of S, H, and HR are listed in Table 2 . The left panel of Figure 5 shows the distribution of HR for the full HLX candidate sample. The median value (HR = 0.14) is relatively hard (compared to e.g. the Chandra COSMOS-Legacy Survey median of HR = −0.2; Civano et al. 2016 ) and suggests either intrinsically hard X-ray spectra or significant absorption. To disentangle the components of emission and absorption, we use the results of the X-ray spectral modeling (Section 2.4.1) to put constraints on the physical nature of the HLX candidates.
In our models the intrinsic shape of the energy flux emitted by the accreting source is controlled by the photon index parameter (Γ), which can provide information about the accretion efficiency. For instance, Eddington ratios (f Edd = L Bol /L Edd , where L Bol is the bolometric luminosity and L Edd is the Eddington luminosity) of luminous (L X > 10 41 erg s −1 ) SMBHs and IMBHs are observed to positively correlate with Γ such that more efficiently accreting sources have softer X-ray spectra (larger values of Γ), corresponding to a higher fraction of soft X-ray and far-UV photons produced in the inner portion of the accretion disk (Bian 2005; Shemmer et al. 2006; Greene & Ho 2007) .
The middle panel of Figure 5 shows the distribution of photon indices for the subset of our HLX candidates for which Γ is not fixed. The median value is Γ = 1.78. For comparison, among a sample of 40 dwarf galaxies Mezcua et al. (2018a) find hardness ratios that are consistent with intrinsic photon indices of Γ = 1−1.4 for X-ray AGN with luminosities comparable to our sample. The relatively softer slopes among our sample may indicate larger values of f Edd compared to nuclear IMBHs in isolated dwarf galaxies. The enhanced accretion rates may be due to our selection of potential galaxy mergers that can trigger BH accretion, or alternatively to the presence no Note. -Column 1: unique identifier for the galaxy−HLX candidate pair; Columns 2 − 3: contamination rates; Column 4: host galaxy stellar mass; Column 5: HLX stellar counterpart mass (if detected; otherwise, M ,Host is considered to be the upper limit); Column 6: X-ray-to-optical flux ratio; Columns 7 − 8: estimated hard X-ray luminosities from XRBs and hot ISM gas; and Column 9: whether or not the HLX candidate is detected as a MIR AGN. (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.) a lower limit (Section 3.3.2).
of luminous QSOs (physically interacting or background AGN) that are known to have high accretion rates.
In our models the X-ray photon attenuation is parameterized by the extragalactic column density (n H,exgal ). In addition to measuring the level of photo-electric absorption, n H,exgal is also a probe of the relative abundance of gas and dust near the X-ray source. The right panel of Figure 5 shows the distribution of n H,exgal for the subset of our HLX candidates for which n H,exgal is not fixed. The median value is n H,exgal = 4.8×10 21 cm −2 and 35% of the HLX candidates have n H,exgal > 10 22 cm −2 , which is a canonical threshold for significant absorption (Civano et al. 2012) . Large values of intrinsic obscuration may suggest inflows of gas and dust during a phase of BH accretion. Such events are thought to be likely in galaxy mergers, and this would be consistent with the IMBH or SMBH interpretation of the HLX candidates. In this minor merger scenario the BH is located in the nucleus of the less massive galaxy and may experience the most significant enhancement in accretion efficiency relative to the primary galaxy SMBH (Capelo et al. 2015) . However, significant extragalactic column densities may also exist for a distant X-ray source (e.g. a background AGN) that is seen through intervening clouds of gas and dust.
We note that values of Γ and n H,exgal have a level of mutual degeneracy such that large extragalactic column densities can instead be modeled by small photon indices and vice versa. Indeed, when restricted to the subset for which Γ is fixed at 1.7, the average value (n H,exgal = 2.0 × 10 22 cm −2 ) is about four times larger than for the subset with freely-varying Γ. This difference may indicate that some of the X-ray sources with Γ < 1.7 may have underestimated values of n H,exgal .
X-Ray-to-Optical Flux Ratios
The relative dominance of X-ray to optical flux (parameterized by the X-ray-to-optical flux ratio) can put important constraints on the nature of X-ray sources. The X-ray-to-optical flux ratio is formally defined as F X /F V , where F X is the 0.3 − 3.5 keV observed flux and F V is the V -band observed flux (Maccacaro et al. 1988 ). Empirically, F X /F V can generally distinguish between stars (0.3 < F X /F V < 0.9) and AGN (0.1 < F X /F V < 16) (Maccacaro et al. 1988; Stocke et al. 1991; Lin et al. 2012) . The X-ray-to-optical flux ratios for HLXs sometimes approach higher values (F X /F V > 10) since they are often identified as bright X-ray sources with faint optical counterparts in nearby galaxies (Tao et al. 2011; Zolotukhin et al. 2016) . F X /F V is qualitatively similar, though inverted relative, to the α ox spectroscopic parameter (α ox = −0.384 × log[F U V /F 2keV ] (Tananbaum et al. 1979) , and indeed SMBHs show larger α ox values (Yuan et al. 1998 ) compared to IMBHs (Plotkin et al. 2016) . Assuming HLXs are powered by lower-mass BHs, the larger values of F X /F V can be explained by the higher accretion disk temperatures (and correspondingly higher X-ray production) compared to SMBHs (Dong et al. 2012) . However, stellar continuum contributions from the host galaxies of AGN can also affect the optical flux. To compute F X /F V for the HLX candidates in our sample, we use the X-ray models to calculate the observed 0.3 − 3.5 keV flux, and we use the Pan-STARRS r -and i -band magnitudes to convert the optical counterpart detections or upper limits (Section 3.2) to V -band magnitudes following the conversion from Jester et al. (2005) . The X-ray-to-optical flux ratios are listed in Table 3 . Figure 6 plots the hard X-ray fluxes (F X ) versus the V -band fluxes or upper limits (F V ) for the HLX candidate sample. Figure 6 reveals that 71% of the opti- cal counterpart detections have F X /F V values between 0.1 and 10 (consistent with expectations for AGN). The F X /F V values suggest that most of the HLX candidates may be associated with AGN (SMBHs or potentially IMBHs in typical galaxy stellar bulges). Assuming that non-detections of optical counterparts are due to intrinsic faintness, those HLXs without detected optical counterparts are likely to have F X /F V values generally larger than those with detections, possibly exceeding F X /F V = 10 and consistent with the high values observed for some HLXs.
X-Ray Signatures of AGN
HLXs are typically found in spiral galaxies or starforming galaxies with significant star formation and a large supply of gas, both of which may contribute to the observed hard X-ray emission that is used to select HLXs. Therefore, in this section we determine the expected Xray contributions from stars (XRBs) and hot ISM gas. We then use these estimates to select the HLX candidates with a significant excess above the XRB and hot ISM contributions since they must be associated with AGN (i.e. accreting IMBHs or SMBHs).
To estimate the hard X-ray contribution expected from XRBs (L 2−10keV,XRB ), we employ the relation from Lehmer et al. (2010) that describes L 2−10keV,XRB as a function of both galaxy stellar mass (M ) and starformation rate (SFR):
. While we only need to consider the star formation associated with the X-ray source optical counterpart, in most cases their magnitudes are only measured as upper limits (Section 3.2) . Therefore, we estimate M and SFR for the entire host galaxy in each case and acknowledge that these values are upper limits. Values of M for the host galaxies are computed as described in Section 3.5 but using the host galaxy photometry instead. Values of SFR for the host galaxies are estimated from the relation of Hopkins et al. (2003) 
. We calculate L u from the (dust-corrected) SDSS apparent u-band magnitudes of the host galaxy and the photometric K-corrections derived by the SDSS pipeline. If the galaxy has an SDSS spectrum then it has values of M and SFR derived from the SDSS pipeline, and we use those values instead. The uncertainties on L 2−10keV,XRB are derived from the scatter (0.34 dex) and coefficient uncertainties of the Lehmer et al. (2010) relation, and by further propagating the uncertainties of M and SFR through the calculations. We note that, while Lehmer et al. (2016) present an updated form of this relation, the Lehmer et al. (2016) AGN threshold of L X > 3 × 10 42 erg s −1 would miss a significant fraction of X-ray sources in our sample and is therefore not appropriate for distinguishing between AGN and star formation among HLXs. To estimate the contribution expected from hot ISM gas (L 2−10keV,ISM ), we employ the relation in Mineo et al. (2012) describing the 0.5-2 keV luminosity from ISM gas as a function of SFR and extrapolating to rest-frame 2 − 10 keV using a thermal power-law model of spectral index Γ = 3 as in Mezcua et al. (2018a) . The hard X-ray luminosities from XRBs and hot ISM gas are listed in Table 3 .
If the
then it is considered to have excess emission beyond star formation and hot ISM gas. By implication, the source of the HLX X-ray power must include accretion onto a massive BH (M • > 10 2 M ). Figure 7 shows L 2−10keV,unabs against L 2−10keV,XRB+ISM for the full HLX candidate sample, illustrating the selection of sources that pass the above criteria (144). We refer to these sources as our sample of HLX AGN candidates. In general, the most luminous of these sources are likely produced by SMBHs, while the best IMBH candidates will be associated with the least luminous ones. However, this distinction is predicated on the assumption of a common Eddington ratio distribution throughout the full sample (this is discussed further in Section 3.5).
Multi-Wavelength AGN Detections
In the previous section (Section 3.3.3) we identified a subset of HLX candidates that must be associated with AGN (accreting IMBHs or SMBHs) based on their Xray signatures. In this section we search for additional signatures of BH accretion in these sources from multiwavelength AGN detections to further constrain the nature of the HLX candidates.
First, we consider radio AGN detections. We perform a cross-match of the HLX AGN candidates with FIRST using a search radius equal to the quadrature sum of the RA and DEC errors for the X-ray source offset from the host galaxy nucleus. Following the procedure from Lofthouse et al. (2018) , we select radio AGN from the FIRST cross-match (Section 2.3.2) as sources with 1.4 GHz luminosities that can not be accounted for by star -Rest-frame, unabsorbed, hard X-ray luminosity (L 2−10keV,unabs ) as a function of expected contribution from XRBs and hot ISM gas (L 2−10keV,XRB+ISM ) for the HLX candidates.
The dashed line denotes the one-to-one relation (L 2−10keV,unabs = L 2−10keV,XRB+ISM ). AGN (i.e. accreting IMBHs and SMBHs) are those HLX candidates where L 2−10keV,unabs > L 2−10keV,XRB+ISM by more than 5σ in both axes (red-filled symbols).
formation alone based on the empirical division between purely star-forming galaxies and AGN from Lofthouse et al. (2018) . This match returns no sources.
Second, we consider mid-infrared (MIR) AGN detections. We perform a cross-match of the HLX AGN candidates with the Wide-field Infrared Survey Explorer (WISE ; Wright et al. 2010 ) ALLWISE Source Catalog 10 . MIR AGN are selected according to the 90% completeness criterion originally defined in Assef et al. (2013) and further refined in Assef et al. (2018) : W1 − W2 > 0.5. While this criterion has a relatively high contamination rate of non-AGN, we use it to be conservatively inclusive since MIR AGN detections may be preferentially associated with background AGN (see the discussion below). For this selection, we mimic several pertinent cuts to the ALLWISE catalog that were used in Assef et al. (2018) : we require that the W2 signalto-noise ratio is > 5, and the W1 and W2 magnitudes are fainter than 8 and 7 respectively (the saturation limits). This selection yields 40 HLX AGN candidates that are also consistent with WISE AGN detections (27%). The MIR AGN status of each HLX candidate is listed in Table 3 . We note that the 6 FWHM spatial resolution of the WISE W1 and W2 photometry is such that the galaxy nucleus is also consistent with the WISE detections in the majority of cases. Thus, the MIR AGN may also be in the galaxy nucleus and not the X-ray source. However, this scenario implies that the putative nuclear MIR AGN would need to be heavily obscured if a nuclear X-ray detection is not present. .
10 http://wise2.ipac.caltech.edu/docs/release/allwise/ MIR AGN detections are commonly associated with SMBHs (Stern et al. 2012 , though see below for a discussion of association with IMBHs) and thus may indicate that the X-ray source associated with an HLX candidate is in fact a SMBH. The SMBH producing the AGN signature may also be a chance projection of a physically unrelated source with a small transverse separation but large radial separation. Since the number density of luminous AGN peaks at redshifts of z ∼ 2 (Hewitt & Burbidge 1993) , the most likely instance of this scenario is a background AGN. Indeed, MIR AGN detections exhibit a bias toward luminous AGN that outshine their host galaxy's MIR emission from star formation (Hickox et al. 2009; Assef et al. 2011) , further increasing the likelihood of the AGN being at a high redshift. The larger median hard X-ray luminosity among the MIR AGN subsample (6.1 × 10 42 erg s −1 ) compared to the full sample (4.6 × 10 42 erg s −1 ) is consistent with this prediction, though the difference is not statistically significant.
Alternatively, the MIR AGN may be associated with a SMBH or IMBH that is physically interacting with the candidate host galaxy. To test if the HLXs with MIR AGN detections are consistent with SMBHs or IMBHs, we compare them with the characteristic correlation between the X-ray and MIR luminosities of accreting AGN. In particular, Stern (2015) shows that the L 2−10keV,unabs / L 6µm ratio for AGN varies from ∼ 1 down to ∼ 0.03 over a hard X-ray luminosity range of L 2−10keV,unabs = 10 42 − 10 46 erg s −1 . After computing F 6µm by linear extrapolation to rest-frame 6µm as in Stern (2015), we find that the average F 2−10keV / F 6µm ratio is 0.3. This L 2−10keV,unabs / L 6µm ratio corresponds to luminosities of L 2−10keV,unabs ∼ 10 43 − 10 44 erg s −1 which are larger than the median L 2−10keV,unabs value computed using the host galaxy redshifts of our sample (Figure 3 ) and therefore suggests that some of the HLX candidates with MIR AGN detections may be intrinsically more luminous AGN and hence potential background sources. However, we also note that low-mass BHs are known to possess larger X-ray-to-near-IR fluxes compared to AGN (Heida et al. 2014) . If the same pattern persists for X-ray-to-MIR fluxes, then the HLXs with the largest F 2−10keV / F 6µm ratios among our sample may be potential IMBHs with MIR AGN detections.
BH Masses and IMBH Candidates
The stellar masses estimated from optical counterpart detections in Section 3.2 imply that 35% of the HLX AGN candidates are hosted by low-mass (M < 10 9.5 M ) galaxies. An extrapolation of scaling relationships between BH masses and the stellar masses of their host galaxies (Cisternas et al. 2011; Marleau et al. 2013; Reines & Volonteri 2015) suggests that many of these HLX candidates may therefore be low-mass AGN with BH masses M • < 10 6 M (i.e. IMBHs). To test this hypothesis, we estimate BH masses for the HLX AGN candidates by assigning Eddington ratios to the accreting X-ray sources and using the relation L Edd [erg s
along with the hard X-ray bolometric correction L Bol = 10×L 2−10keV,unabs (Marconi et al. 2004) .
We estimate Eddington ratios based on photon indices In all panels North is up and East is to the left, the red '+' denotes the galaxy centroid, and the cyan ellipse denotes the HLX candidate position and 5σ offset significance from the galaxy centroid. Dotted ellipses denote optical counterpart upper limits while solid ellipses denote detections (Section 3.2) using a log-linear function relating Γ and f Edd from the Greene & Ho (2007) sample of X-ray-detected IMBHs. Since we do not have Γ fits for all of our sample (i.e. some of them were fixed; see Section 2.4.1) we can not estimate f Edd for each source individually. Therefore, we instead use the median value of Γ among all fits with a freely varying photon index (Γ = 1.78; Section 3.3.1) to estimate a single Eddington ratio (f Edd = 0.24) and apply it to each HLX AGN candidate. This median Eddington ratio is consistent with Eddington ratios among other samples of similarly luminous (L X > 10 41 erg s −1 ) low-mass BHs (Greene & Ho 2004; Dong et al. 2012 Figure 8 . The remaining IMBH candidates are shown in the appendix. These BH mass estimates are plotted against the masses for their stellar counterpart detections or upper limits (M from Section 3.2) in Figure 9 . Since the majority of the detected stellar counterpart masses are in the low-mass regime (M < 10 9.5 M ), for comparison we show the relation between BH mass and host galaxy total stellar mass from Reines & Volonteri (2015) for AGN since it includes a sample of low-mass galaxies. No systematic offset toward over-or under-massive BHs is detected. Therefore, under our assumption of f Edd = 0.24, the relationship between the HLX BH masses and their stellar counterparts follows the same relationship be-tween active BHs and their host galaxies and strongly suggests that the HLX AGN candidates are generally associated with accreting BHs in galaxy nuclei.
The lack of a systematic offset above the relation indicates that significant tidal stripping of the secondary galaxy has not yet occurred. However, a few individual sources do have significantly under-massive stellar counterparts. Furthermore, if the undetected stellar counterparts are intrinsically faint, then they may also reside in stripped stellar cores. Alternatively, the overmassive BHs may have grown efficiently through stochastic mechanisms independent of merger-driven galaxy growth (Martin et al. 2018) . Additionally, for the subset of host galaxy stellar masses or upper limits that are consistent with dwarf galaxies, the X-ray sources might instead be BHs that formed in-situ but are wandering throughout the galaxy and hence appear to be off-nuclear (Bellovary et al. 2019) .
The X-ray luminosity threshold of L 2−10keV,unabs ≥ 10 41 erg s −1 used to select HLX candidates likely introduces a bias toward efficiently accreting sources and will naturally miss all IMBHs with Eddington ratios f Edd 10 −2 . Indeed, several studies have identified low-mass BHs with Eddington ratios of f Edd ∼ 10 −2 (Yuan et al. 2014; Baldassare et al. 2015 ) and even as low as f Edd ∼ 10 −3 (Baldassare et al. 2017 ). Therefore, to test the effect of these smaller Eddington ratios on our interpretations, we apply the median value of f Edd = 5 × 10 −2 from the sample of Baldassare et al. (2017) that results in 22 of the 144 HLX AGN candidates satisfying the IMBH criteria of M • < 10 6 M . Under this assumption, the BH mass estimates are systematically offset by up to ∼ 1 order-of-magnitude above the Reines & Volonteri (2015) relation, implying that tidal stripping or highly efficient, merger-free BH growth has occurred.
Comparison with Other Catalogs
In this section, we compare our catalog to other searches for off-nuclear X-ray sources and IMBH candidates from the literature. For this comparison, we focus on recent catalogs (within the last decade) that feature source lists of size comparable to ours. In particular, we note similarities while also emphasizing how our sample complements results from these works.
The majority of recent ULX/HLX catalogs have used archival XMM-Newton detections from either 2XMM (Walton et al. 2011) or 3XMM Earnshaw et al. 2018) . While the catalog of Gong et al. (2016) used detections from Chandra, all of these studies cross-matched X-ray sources with relatively nearby galaxies (z 0.06) in the RC3 catalog. In some cases the samples were further limited in distance to yield complete samples Gong et al. 2016) . These characteristics describe the primary difference from our catalog which utilizes the Chandra archives and cross-matches those detections with galaxies from the SDSS that generally span a much larger redshift range and have much smaller angular sizes. These differences result in a significantly larger number of HLX candidates in our catalog (> 150) compared to previous catalogs ( 100). As mentioned in Section 2.1.1, the larger redshift range means our sample is biased toward intrinsically more luminous sources at higher redshifts. Reines & Volonteri (2015) for AGN that includes a sample of low-mass galaxies, and the gray-shaded region indicates the scatter of their fit. The HLX AGN candidates are generally consistent with the Reines & Volonteri (2015) relation, suggesting that the BHs have grown with their host galaxies at a rate similar to the general population of AGN. As expected, the stellar counterpart mass upper limits are generally over-massive compared to the BH masses.
However, the larger luminosities in our catalog also result in the currently largest sample of uniformly-selected IMBH candidates (∼20−50, after correcting for the average contamination rate of 8%).
Perhaps the largest drawback of our sample is the relatively poor resolution in the galaxy images. Since previous catalogs are composed of galaxies with large angular sizes, multiple off-nuclear X-ray sources can be resolved within a single galaxy. Furthermore, in some cases the stellar counterparts can be resolved. The galaxies in our catalog, on the other hand, are ubiquitously smaller in angular size and for the vast majority resolving the optical counterparts is not possible. Even with sufficient resolution, the SDSS or Pan-STARRS sensitivity is likely not sufficient to detect the faint stellar counterparts expected for many HLXs.
The method of cross-matching X-ray sources with optical galaxy light profiles is qualitatively similar between our catalog and those using the RC3 catalog. In particular, previous catalogs have required the X-ray source to be within the D 25 elliptical isopohote of the galaxy (Walton et al. 2011; Gong et al. 2016; Earnshaw et al. 2018) or two times the Petrosian radius as in our criteria. However, the catalogs based on XMMNewton detections also implemented a uniform cutoff in nuclear angular size offset that was empirically derived to remove a high fraction of nuclear AGN contaminants while preserving an optimal number of ULX or HLX candidates. While Zolotukhin et al. (2016) implemented a 3σ cutoff in offset significance, they also imposed a uniform minimum offset of 5 . In contrast, our procedure (and that of Gong et al. 2016 who also use Chandra data) implements a uniform cutoff in statistical significance of the angular offset from the nucleus. Our approach is based entirely on offset significance and is made possible by the relative astrometric uncertainties that we measure between each pair of Chandra and SDSS images (Section 2.2.1). This approach is most practical for our catalog when considering the larger redshift range of our sample over which a uniform angular size would not be appropriate.
Our catalog construction includes statistical estimates of the number of unknown contaminants following a procedure that is nearly identical to previous catalogs (Walton et al. 2011; Zolotukhin et al. 2016; Gong et al. 2016; Earnshaw et al. 2018) . Furthermore, our steps to remove known contaminants are also similar to those of previous catalogs and consist of identifying and removing X-ray sources that are matched to sources with known spectroscopic redshifts that mark them as background or foreground sources. However, the cross-matching radii we use are based on the positional uncertainties for each Xray source, as opposed to a uniform radial search used in other catalogs. These cross-match radii are always smaller than the search radii used in the other catalogs, and as stated above, this choice is more appropriate for the larger redshift range and smaller angular sizes of our candidate host galaxies.
A final notable difference is that our contamination rate estimates are smaller than previous catalogs, a difference due primarily to the smaller angular sizes of our galaxies. In particular, Figure 4 shows that the rate is strongly dependent on angular size and can easily account for the differences in estimated contamination rates. The smaller contamination rate estimates suggest that as many as 130 of the HLX candidates may be accreting IMBHs or SMBHs that are truly interacting with their host galaxies.
CONCLUSIONS
We have constructed a catalog of 169 HLX candidates by utilizing the spatial resolution of Chandra and a detailed procedure for registration of individual image pairs and estimates of relative astrometric uncertainties. This procedure results in selection of HLX candidates with offsets from the host galaxy centroid down to 0. 8 (2.5 kpc) and with redshifts extending out to z ∼ 0.9. Our main conclusions are as follows:
1. The estimated mean contamination rate of unrelated X-ray sources is ∼ 8% and has a strong positive dependence on HLX angular offset from the host galaxy centroid and a positive dependence on redshift (Figure 4 ). This rate is smaller than for previous catalogs (20 − 30%) due to the smaller angular sizes of our candidate host galaxies. The contamination rate may also potentially be higher among HLXs with MIR AGN detections as they might preferentially be associated with more luminous AGN.
2. Optical counterparts are detected among 28% of the HLX candidates. These counterparts are consistent with dwarf galaxy stellar masses for 32% of these detections and therefore may harbor IMBHs based on observed correlations between BH masses and host galaxy stellar masses.
3. The median X-ray spectral index is consistent with relatively efficient accretion (Γ = 1.78) which could be merger-driven or associated with QSOs (middle panel of Figure 5 ). A subset of HLX candidates (35%) have X-ray spectral evidence for significant X-ray absorption (n H,exgal > 10 22 cm −2 ) that could be the result of mergers but would also be consistent with obscured background AGN (right panel of Figure 5 ).
4. The X-ray-to-optical flux ratios for the majority (71%) of HLX candidates with optical counterpart detections are consistent with AGN ( Figure  6 ). Furthermore, many of the non-detected stellar counterparts may have much larger X-ray-tooptical flux ratios that are similar to other confirmed nearby HLXs.
5. We have identified a subset of HLX candidates (144) with X-ray emission that far exceeds the contribution from XRBs and hot ISM gas, suggesting they are associated with accretion onto IMBHs or SMBHs (Figure 7 ). Of these HLX AGN candidates, 27% are detected as AGN at MIR wavelengths.
6. Assuming a conservative Eddington ratio of 5 × 10 −2 for all HLX candidates, 22 are consistent with being IMBHs. If we instead adopt the Eddington ratio that corresponds to the median photon index, this number is significantly higher (56 IMBH candidates) and yields BH masses that are consistent with the expected relation between BH mass and host galaxy stellar mass (Figure 9 ).
In future works we will use the unique size and dynamic range of redshifts in this sample to study HLX environments, their redshift evolution, and the merger-driven growth of IMBHs.
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